Gonadal development is precisely regulated by the two gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Much progress on understanding the functions of LH and FSH signaling on gonad development has been achieved in the past decades, mostly from studies in mammals, especially genetic studies in both mouse and human. The functions of both LH and FSH signaling in nonmammalian species are still largely unknown. In recent years, using zebrafish, a teleost phylogenetically distant from mammals, we and others have genetically analyzed the functions of gonadotropins and their receptors through gene knockout studies. In this review, we will summarize the pertinent findings and discuss how the actions of gonadotropin signaling on gonad development have evolved during evolution from fish to mammals.
in mouse, in FSH and FSHR inactivating mutant human, the women are infertile possessing mostly primordial follicles but may also have antral follicles. However, the phenotypic effects of human males deficient in FSH and FSHR are disparate. All males with FSH beta subunit mutations are infertile with azoospermia but mutations in FSHR produce no demonstrable effect on fertility in males. For LH signaling, knockout of LH and LHR in female mice or inactivation of LHB and LHR in human leads to infertility with defects in oocyte maturation and ovulation. In males, LH-and LHR-deficient mice and human are infertile with impaired spermatogenesis [7, [13] [14] [15] .
In teleost, understanding on their gonadotropins and the corresponding receptors has taken a long journey [16, 17] . It was believed for a long time that gonad development and function in fish is controlled by one single gonadotropin. A breakthrough of this old dogma came in the mid-1980s by the pioneering isolation of two distinct gonadotropins from salmon [18] and the detection of this hormonal duality in other fish species [16] . Similar to the case of the ligands, only one gonadotropin receptor was reported in fish [19] . Until 1999, two types of gonadotropin receptors were cloned in salmon gonad for the first time [20] . Subsequent studies further demonstrated the duality of fish gonadotropin receptors in fish [16] . Sequence and structural analyses have shown that both receptors in fish correspond to the mammalian LHR and FSHR. However, there are two distinct features in fish. First, the expression patterns of the two gonadotropin receptors in the gonads are very different between fish and mammals. In mammals, FSHR is expressed on the granulosa cells of the ovary and Sertoli cells of the testis, whereas LHR is expressed on the theca cells and granulosa cells of the ovary and Leydig cells of the testis [6] . On the other hand, studies in several fish species have shown that Fshr is expressed in both theca cells and granulosa cells of the ovary, and Leydig cells and Sertoli cells of the testis. Likewise, Lhr is expressed both in the granulosa cells and theca cells of the ovary, and in both the Sertoli and Leydig cells of the testis in fishes [21] [22] [23] [24] [25] . In addition, the binding properties of gonadotropins to their receptors are also very different in fish. The ligand selectivity of mammalian gonadotropins is well defined: LH and FSH bind to their respective receptors specifically, and cross-reactivity under normal physiological conditions has not been observed [26] . In contrast, the bioactivity of fish gonadotropins seems to be less well separated and promiscuous hormone-receptor interaction is observed [27] . For example, in the coho salmon and African catfish, Fshr cannot discriminate the two gonadotropins, whereas Lhr binds Lh only [28, 29] . However, in some other fish species such as amago salmon and rainbow trout, Lhr can respond to Lh and Fsh, whereas Fshr is activated by Fsh only [20, 30, 31] . These unique expression patterns and less selective ligand-binding properties in fish indicate that the physiological roles of gonadotropins and their receptors on fish gonad development are more complicated.
With the development of novel gene knockout methods including the transcription activator-like effectors nucleases (TALENs) and clustered regularly interspaced short palindromic repeats-associated system (CRISPR/Cas9) [32, 33] , we can now employ these convenient and robust tools to study the gene functions of fish in vivo [34] [35] [36] . In recent years, zebrafish has become an important vertebrate model for basic and biomedical research including reproductive biology. As in mammals, spermatogenesis in zebrafish proceeds in different stages including spermatogonia (SG), primary spermatocytes (SCs), secondary SCs, spermatids (STs), and spermatozoa (SZ) [37] , while oogenesis embodies oogonia, primary growth (PG), vitellogenesis, oocyte maturation, and ovulation stages [38] . Using TALENs, we and others have systematically investigated the precise roles of gonadotropin signaling in male and female reproduction by genetic studies in zebrafish [39] [40] [41] [42] [43] [44] . The phenotypes of all the single and double knockout zebrafish are summarized in Table 1 (female)  and Table 2 (male). Phenotypic analyses of these knockout mutants provide comprehensive and robust genetic evidence in deciphering the precise roles of gonadotropin signaling in zebrafish reproduction. The information obtained provides insights in understanding the evolution of gonadotropin signaling on gonad development. The aim of this short review is to summarize the pertinent findings on the genetic studies of gonadotropin signaling in zebrafish spermatogenesis and oogenesis, and discuss how the actions of gonadotropin signaling on gonad development have evolved during evolution from fish to mammals.
Knockout of lhb in zebrafish
In female zebrafish, lhb mutants are infertile. Lack of Lh does not seem to exert any effect on ovarian growth, and puberty onset is not affected as well. All stages of follicles from PG stage to full grown (FG) stage are present in the lhb mutants. However, these fish are infertile because they fail to spawn. A large number of FG stage follicles are found in the ovary, but these follicles are unable to mature and ovulate naturally. Therefore, the ovary size and gonadosomatic index (GSI) increases dramatically in the mutant. Human choronic gonadotropin (hCG), which is commonly used in teleosts to induce spawning, can activate Lhr but not Fshr in zebrafish [45] . Administration of hCG could rescue the defects of the lhb mutants in oocyte maturation and ovulation [39, 42] . These results indicate that Lh is only required for oocyte maturation and ovulation. In big contrast to the females, the lhb mutant males are fertile. Histological analysis reveals that sperms of different stages appear normal in the lhb mutants [39, 42] . Despite an apparent normal testis morphology, there is a decrease in the GSI of the lhb mutant. Sperm motility of the lhb mutant is similar to that of the wild type (WT). However, there is a significant increase in the number of SCs in the lhb mutant, indicating that Lh might possess some roles during the transition from the meiosis stage to the spermiogenesis stage [39] . These results suggest that testis development is not grossly affected in the absence of Lh in zebrafish as far as the overall histology and ability to produce viable sperms are concerned.
Knockout of lhr in zebrafish
In female zebrafish, the lack of Lhr produces no effect on puberty onset. All stages of follicles from PG to FG stage are present in the lhr mutant. The ovary size and GSI dramatically increases in the mutant. Intriguingly, unlike the lhb mutants, the lhr mutant females are fertile [39, 41] . Mating between lhr mutant females with WT males results in some decrease, although not statistically significant, in the number of embryos, indicating that ovary development in the lhr mutant females is marginally affected. Histological analysis shows that some mature follicles and degenerating mature follicles are observed in the ovaries of the lhr mutant fish. The ratio of follicles beyond the FG stage including the mature stage and the degenerating mature stage has increased in the mutants [39] . In the lhb mutant, both oocyte maturation and ovulation are disrupted. However, the result suggests that only ovulation is affected in the lhr mutant. This conclusion is also supported by the gene expression data indicating that several important genes involved in oocyte maturation are only altered in the lhb mutant but not in the lhr mutant. However, most of the genes related to ovulation are altered in both the lhb and lhr [40, 42] Folliculogenesis arrested at preantral stage [77] Folliculogenesis arrested before antral stage [7, 55, 56] fshr Infertile/no puberty Infertile/no puberty Infertile/no puberty Folliculogenesis arrested at PG stage [40, 41] Folliculogenesis arrested at preantral stage [11, 12] Ovarian dysgenesis [7, 55, 56] lhb Infertile/normal puberty Infertile/no puberty Infertile/normal puberty Follicles unable to mature and ovulate [39, 42] Folliculogenesis arrested at antral stage [13] Normal folliculogenesis [7, 55, 56] lhr Fertile/normal puberty Infertile/no puberty Infertile/normal puberty Normal folliculogenesis with affected ovulation [39, 41] Folliculogenesis arrested at antral stage [14, 15] Normal folliculogenesis without preovulatory follicles [7, 55, 56] 
lhb; fshb
Infertile/sex reversed to males [40, 42] Ni Ni lhr;fshr Infertile/sex reversed to males [40, 41] Ni Ni mutants [39] . This difference between lhb mutant and lhr mutant suggests that Lh might be able to induce oocyte maturation and partial ovulation through cross-reactivity with Fshr in the absence of Lhr. In males, similar to the situation of the lhb mutant, the lhr mutant males are also fertile. The testis morphology, GSI, sperm motility, and histological structure of the testis in different stages of the mutants appear normal [39, 41] , suggesting that normal male fertility could still be maintained in the absence of Lh signaling in zebrafish.
Knockout of fshb in zebrafish
Loss of Fsh leads to a significant retardation of follicular growth in female zebrafish, and puberty onset is delayed [42] . A significant blockade at the PG stage is observed in the ovary. However, the follicles could still enter the pre-vitellogenic stage and beyond in the fshb mutant [40, 42] . The release of the blockade at PG stage to enter vitellogenic growth might be due to the compensatory role of Lh through cross-activating Fshr in the absence of Fsh. This is further supported by the fact that lhb expression is significantly increased in the pituitary of the fshb mutant females [42] . However, these fshr mutant fish remain subfertile even after 11 months postfertilization [40] . The ovary size and GSI is significantly decreased in the adult mutants [40, 42] . Different stages of follicles could be found in the ovaries of the fshb mutant, but the proportion of mid-vitellogenic (MV) stage and FG stage follicles has dramatically decreased in the mutants [40] . In males, testes from fshb adult mutants are morphologically normal. No significant difference could be found in the GSI. Histological analysis also reveals that all stages of spermatogenesis appear normal in the testis of the fshb adult mutants [40, 42] . Despite normal fertility of the fshb mutant at mature stage, an obvious delay in spermatogenesis is observed during early spermatogenesis (64 dpfs) in the fshb mutant [42] . These results indicate that early spermatogenesis is affected but the overall development of the testis remains largely intact in the fshb mutant.
Knockout of fshr in zebrafish
In females, the fshr mutants are infertile [40, 41] . Puberty onset is completely blocked [41] . The size of the ovary and GSI is dramatically decreased in the fshr mutant. Unlike the fshb mutants, follicles beyond the PG stage could not be found at all in the ovaries of the adult fshr mutants [40, 41] . These data indicate that Fshr is essential for the growth of follicles beyond the PG stage. The phenotypic difference in the ovary between fshb and fshr mutants might be explained by Lh alone being able to stimulate follicular growth through Fshr in the absence of Fsh, or by the constitutive activity of Fshr in zebrafish as demonstrated by us [40] . In males, the lack of Fshr does not seem to affect testis development in adults, and all adult males are fertile [40, 41] . However, similar to the situation in females, initiation of spermatogenesis is delayed in the juvenile fshr mutant [41] , suggesting the Fshr is involved in the regulation of puberty onset. The most striking finding is that although fshr-deficient fish exhibit normal sex differentiation, most fshr mutants after 3 months become males with normal spermatogenesis. Intriguingly, analysis of the temporal change of female ratio at different stages [40, 42] Decreased sperm number and motility [77, 78] Azoospermia [7, 55, 56] fshr Fertile/delayed puberty Normal histological structure of the testis [40, 41] Fertile/delayed puberty Decreased sperm number and motility [11, 12, 79] One infertile male/two fertile males/normal puberty Oligozoospermia [7, 55, 56] [43] Ni, no information.
shows that sex differentiation appears to be normal during 25-50 dpf, but the female ratio in the mutants starts to decrease during sexual maturation and continues to decrease afterwards to less than 5% after 100 dpf [41] . These data indicate that Fshr is essential for maintaining the ovary structure in zebrafish.
Double knockout of the two gonadotropins and their receptors in zebrafish
To further explore the precise roles and functional relationships between the two gonadotropins and their receptors in fish, all six possible double knockouts have been created to study the impact on reproductive physiology.
Double knockout of lhb and fshb
All lhb-/-;fshb-/-adult zebrafish examined are found to be males. The testis of the lhb-/-;fshb-/-adult male and GSI is dramatically smaller than that of the WT fish [40, 42] . Different stages of sperms, including SGs, SCs, STs, and SZs could be found in the double mutant, but most of them remain at the SG stage. Only very few mature SZs with tails could be found in the double mutant. We call this phenotype oligozoospermia. All these males are infertile even at 8 months after fertilization [40] . This result is different from the finding by Zhang et al. [42] that the lhb-/-;fshb-/-fish are fertile. These data suggest that gonadotropin signaling is essential for maintaining ovary formation in female. In male, gonadotropins are obligatory for spermatogenesis in zebrafish.
Double knockout of lhr and fshr
Similar to the phenotype of lhb-/-;fshb-/-, all lhr-/-;fshr-/-adult zebrafish are found to be males [40, 41] , further supporting the essential role of gonadotropin signaling in regulating sex differentiation. All these males are infertile. The size of all the lhr-/-;fshr-/-adult male testis is dramatically smaller than that of the WT fish [40, 41] . Unlike the lhb-/-;fshb-/-mutant, most of the germ cells are at the SG stage, with very few SC and ST stage cells and no mature SZ stage cells in the testis of the receptor double knockout mutant [40] . We call this phenotype azoospermia. The more severe phenotype in the receptor double knockout than that of the ligand double knockout could be explained by the constitutive activity of both receptors, as demonstrated by us [40] . These data indicate the obligatory role of gonadotropin signaling in the zebrafish spermatogenesis.
Double knockout of fshb and lhr
Sex differentiation is largely not affected in the fshb-/-;lhr-/-zebrafish. Mutant females are subfertile, and mutant males are fertile. A statistically not significant decrease in the GSI is found in the homozygous mutant females and no change is found in the males. Different stages of follicles and spermatogenesis could be identified in the ovaries and testes of the mutants [40] . These results provide definitive genetic evidence in support of Lh playing a compensatory role by cross-reacting with Fshr in the absence of Fsh in both male and female zebrafish.
Double knockout of fshb and fshr
All fshb-/-;fshr-/-adult zebrafish are found to be fertile males, supporting that Fsh signaling is essential for maintaining the female status. The testis size and GSI is normal in the adult mutants. Different stages of sperm cells and normal number of sperms in different stages could be found in the testes of the adult mutants [43] . These data demonstrate that Lh signaling alone could support full spermatogenesis in the absence of Fsh signaling.
Double knockout of lhb and lhr
Sex differentiation is largely not affected in the lhb-/-;lhr-/-zebrafish. The female mutants are infertile. Similar to the phenotype of the lhb-/-fish, all stages of follicles are present in the lhb-/-;lhr-/-fish. However, these fish are infertile because they fail to spawn. A large number of FG stage follicles could be observed, but these follicles are unable to mature and ovulate naturally (unpublished data). The lhb-/-;lhr-/-males are fertile. The testis size and GSI is normal in the adult mutants. Normal structure and number of sperms of different stages could be found in the testes of adult mutants [43] . These data demonstrate that Fsh signaling alone could support full spermatogenesis in the absence of Lh signaling.
Double knockout of lhb and fshr
All lhb-/-;fshr-/-fish turn out to be all males. Interestingly, these mutant males are fertile. The testicular GSI value is not altered. Different stages of sperm cells, with a significant increase in SC number and a decreased number of ST plus SZ are found in the testes of the lhb-/-;fshr-/-fish [43] . These data indicate that the lhb;fshr mutant males are still capable of undergoing normal spermatogenesis in zebrafish despite some slight defects in the transition of SC to later stages.
Insights from genetic studies in zebrafish
From a comparative perspective, there are obvious species-specific differences on the regulation of reproductive physiology by gonadotropins. Such differences are summarized in Table 1 (female)  and Table 2 (male). These information shed much light on the actions of gonadotropins particularly from an evolutionary perspective.
The evolution of interaction between gonadotropins and their receptors
The gonadotropin subunits, together with their receptors, constitute an interesting example of coevolution: they are thought to have arisen through gene duplications of the ancestral β-subunit and receptor genes, respectively, followed by sequence divergence to define the hormone-receptor pair selectivity during evolution [26, 46] . As shown in Figure 1 , in primitive vertebrates such as lamprey, there is only one gonadotropin which can bind to Lhr and Fshr without discrimination [46, 47] . During evolution to teleost, two specific gonadotropins are acquired, but interactions with the receptors still exhibit some degree of promiscuity [16] . Such interactions become highly specific during evolution to the higher species. In reptiles and birds such as sea turtle and chicken, Fshr displays limited ligand selectivity to Lh and Fsh [48, 49] . In mammals, FSH and LH bind to their respective receptors with high specificity [26] . In the past two decades, genetic analyses in human and mouse reveal that the deficiency of gonadotropin ligands could phenocopy well that of their receptors, lending support to the highly specific interaction of ligands and receptors in mammals [7, 10] . Gene knockout studies in zebrafish have provided genetic evidence for the first time that the interaction of gonadotropins and their receptors in zebrafish is totally promiscuous in that Lh and Fsh are capable of activating both receptors, as also demonstrated through binding assays [43] . These pieces of evidence clearly show that interaction between gonadotropins and their receptors has changed from a more relaxed fashion to a highly specific fashion during evolution (Figure 1 ). This phenomenon raises an interesting question: What is the functional significance of this change during evolution from fish to mammals? We reckon that this reflects the different reproductive strategies of the animals. Lower species such as zebrafish employ an R type strategy, which relies on an abundance of offspring as a tactic of survival. The promiscuous nature of ligand-receptor interaction in these species maximizes the efficiency on gonad development. For example, in some fish species, the Lh surge would not only trigger germ cell maturation through Lhr, but would also stimulate the growth of early germ cells into mature stage through Fshr in the gonads. However, during the evolution of the mammals, the reproductive strategy is changed from an R type to a K type [50] in which the K strategy emphasizes on the quality of the offspring, requiring more precise regulation of the reproductive activity and thus a highly specific LH and FSH signaling. Therefore, it is plausible that the interaction of gonadotropins and their receptors constitutes part of the proximate mechanisms in reproductive strategy to ensure the survival of the species of different vertebrates to best suit their needs.
The evolution of gonadotropin signaling in controlling ovary development
For Fsh signaling, the lack of Fshr in zebrafish leads to the blockade of folliculogenesis at PG stage and puberty onset is totally blocked. This is consistent with the results from the FSHR-deficient mouse and human, where follicular development is arrested at preantral stage and puberty cannot be initiated to affect sexual maturation [7, 8, 10] . The conserved phenotypes of Fshr/FSHR deficiency in both zebrafish and mammals suggest a conserved role of FSH-FSHR signaling in controlling folliculogenesis across vertebrates. Interestingly, different from that in mammals, all female fshr mutant zebrafish eventually turn into males probably through sex reversal, suggesting that sex differentiation in fish has greater plasticity as compared with that in mammals. For Lh signaling, folliculogenesis is normal but oocyte maturation and ovulation is disrupted in the lhb mutant zebrafish. This is again consistent with the phenotype of LH-and LHR-deficient human where anovulation is observed. The two patients with LHB mutation and the one patient with LHR mutation have normal folliculogenesis [51] [52] [53] . Similarly, loss of lhb or lhr in mice also leads to anovulation, but the follicles are arrested at the antral stage [13] [14] [15] , suggesting that growth from antral stage to preovulatory stage is also affected in mice. Nevertheless, the functions of LH in triggering oocyte maturation and ovulation appear to be conserved among vertebrates in general. Analysis of the phenotypes of fshb;lhr, fshb;fshr, lhb;fshr, and lhb; lhr double mutant female fish is consistent with the findings of the single knockout fish [39] [40] [41] [42] [43] . All of lhb;fshb and lhr;fshr double mutant fish are infertile males [40] [41] [42] , suggesting the importance of gonadotropin signaling in ovary development in zebrafish. Although double knockout of gonadotropins and their receptors has not been performed in mammals, the hypogonadal (hpg) mutant mouse in which gonadotropinreleasing hormone (GnRH) is absent and as a result both LH and FSH level are severely suppressed can be comparable to the lhb;fshb and lhr;fshr double mutant fish. In the hpg mouse mutant females, the ovary is very tiny in which the majority of the follicles are arrested at the preantral stage, indicating the importance of gonadotropin signaling in mouse ovarian development [54] . A hypothetical model on the role of gonadotropin signaling in controlling ovary development in zebrafish, mouse, and human is proposed in Figure 2 . All these findings suggest the functional divergence of the two gonadotropins and their receptors in females is a very archaic early evolutionary event, and their regulation on female gonad development is well conserved during evolution from fish to mammals.
The evolution of gonadotropin signaling in controlling testis development
One of the most striking findings in zebrafish is the role of gonadotropin signaling in testis development in males. All the lhb, lhr, fshb, and fshr single mutants and the fshb;lhr, fshb;fshr, lhb;fshr, and lhb;lhr double mutant male fish are fertile and spermatogenesis remains intact [39] [40] [41] [42] [43] . On the other hand, however, both the lhb;fshb and lhr;fshr double mutant male fish are infertile due to impaired spermatogenesis [40] [41] [42] . Further analysis of these mutants show that the androgens are not significantly altered in the lhb, lhr, fshb, and fshr single mutants and the fshb;lhr, fshb;fshr, lhb;fshr, and lhb;lhr double mutants, but is only decreased in the lhb; fshb and lhr; fshr double mutant male fish [40, 43] . All these findings lead us to conclude that gonadotropin signaling is essential for spermatogenesis and that the actions of Lh signaling and Fsh signaling on zebrafish spermatogenesis is highly overlapping. These findings in zebrafish are in sharp contrast to that in mammals. Despite the controversial role of FSH in mammals, genetic evidence has clearly demonstrated that the loss of either Lhb or Lhr in male mouse [13] [14] [15] and the loss of either LHB, LHR, or FSH in men could lead to infertility [7, 55, 56] . However, similar to the findings in the lhb;fshb and lhr;fshr double mutant male fish, spermatogenesis in the hpg mouse mutant is also arrested at the very early stage [54] . A hypothetical model on the role of gonadotropin signaling in controlling testis development in zebrafish, mouse, and human is proposed in Figure 3 . The role of both Lh and Fsh signaling on the regulation of spermatogenesis is highly diverged, and that androgen secretion is strictly regulated by LH signaling in mammals. We reckon that the big difference in ligand-receptor specificity between mammals and zebrafish could be related to the duration of spermatogenesis. Sperm maturation needs a much longer time in mammals than in fish. To guarantee offspring quality, the actions of gonadotropin signaling are more specific in mammalian spermatogenesis. The trade-off of this highly fine-tuned testicular regulation is low reproductive efficiency. This raises another interesting question: Why is both Lh and Fsh signaling retained in the testis if both exert very similar action on spermatogenesis? Considering the specific roles of Lh and Fsh signaling on the zebrafish ovary, we speculate that two gonadotropin signaling is mainly to cater for the needs of ovarian function during evolution [57] .
Concluding remarks
Genetic analyses have revealed the complex nature of the functional roles of the dual gonadotropin system in zebrafish, which are largely consistent with recent genetic studies in another teleost medaka [58, 59] . These systematic studies have also demonstrated the power of the newly emerged genome editing technologies in deciphering gene functions in vivo. Currently, these loss-of-function genetic approaches have been successfully employed in many nonrodent species [60] [61] [62] [63] [64] [65] [66] . By employing these genetic technologies, it would be highly revealing to study the functions of gonadotropins and their receptors on gonad development in other species particularly in some more primitive species such as lamprey. The application of CRISPR/Cas9 technique in lamprey has been reported recently [67] . Genetic analyses on the functions of gonadotropin signaling in more species will help us to unravel the evolution of molecular mechanisms of reproduction and provide more insights in understanding the physiological significance of gene duplication, ligand-receptor co-evolution, and the functional diversity of gonadotropin signaling. Furthermore, the various mutant zebrafish lines arising from such studies would also provide excellent animal models to study the molecular mechanism of gonad development. For example, by employing the lhb zebrafish mutant, we have recently demonstrated a factor called insulin-like growth factor 3 as one of the mediators of Lh signaling in oocyte maturation [68] . In recent years, dozens of genes involved in reproduction have been successfully knockout in zebrafish using genome editing techniques [69] [70] [71] [72] [73] [74] [75] [76] . There is no doubt that using such powerful tools, future studies in zebrafish will provide more information on the molecular mechanisms of reproduction.
